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NOMENCLATURE

Aribtrary area
Opening diameter of the cavity
Configuration factor from the source to an infintesimal area
Cavity depth along center line
Normal vector to the surface area
Number of reflections
Heat flux Btu/hr-ft 2
Opening radius of the cavity
Radial distance outward from the cavity centerline
Distance above the cavity opening
Distance into the cavity
Absorptivity
The physical constant 0„174 X 10"8 Btu/hr-ft 2-0 R 4
Local wall emissivity
The constant 3„1H15
Reflectivity
Transmiss ivity
An arbitrary angle

Subscripts
a

Refers to apparent

b

Refers to black body

d2

Refers to an infintesimal area above the source

M

Refers to meter

o

Refers to outside

W

Refers to wall

1

Refers to the radiant source area

if.

CHAPTER I

INTRODUCTION

Analysis Concepts

In order to analyse the radiant heat transfer characteristics
of a concave source, two vital concepts must be clearly understood.
The first is called the apparent emissivity ea and is a function of
both the local total emissivity e and of the geometry of the source.
Although the total emissivities of ordinary substances range between
zero and one, the two extremeties never occur.

Surface emissivities

which approach these values in the limit, must be created mechanic
ally from materials in the range 0<e<l.
The local emissivity is related to the other-radiation properties, reflectivity and transmissivity, by the expression
e + p + t = 1
but for opaque materials t = 0 ; therefore, the reflectivity is ex
pressed as

p = 1 - E
Thus, when radiation from an opaque cavity of uniform temperature
and emissivity e such as shown in Figure 1 is considered, the total
energy leaving the cavity from point F is
Q" = [1+(1-e )+(1-e )2+ » ••+(l-e)n”^]ea(Tw)
*
The n refers to the number of reflections made before the energy1

1

2

Figure 1.

leaves.

Emission and Reflection in a Cavity.

This is.due to the fact that the energy is partially absorb

ed and partially reflected according to the relationship between absorptivity* and reflectivity.

Where n = 00, the geometrical series is

e[l+(l-e)+(l-e)^+*••
This factor, the apparent emissivity ea of the cavity, is simply equal
to unity.

By careful examination, it can also be seen that proper

selection of the cavity configuration and emissivity governs how rap
idly this series approaches a given ea ; therefore, ea ranges from the
local wall emissivity e to black body emissivity ej-> = 1,
The second concept deals exclusively with the geometrical arr
angements, for unless a system is intentionally designed to facilitate
computation or fashioned after a previously analysed arrangement, this
gepmetrical analysis, in general, is a rather lengthy and involved

^For gray body material, the absorptivity o is taken equal to
the emissivity e.
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computation.

The geometrical problem, called the configuration fac-

tor , is a collection of mathematical terms that are functions only of
the geometrical arrangement and appear for the case of diffuse radia
tion between two surfaces connected by a non-absorbing medium, of
arbitrary geometry.

This relationship is

for an arbitrary arrangement as shown in Figure 2.
Physically, the quantity F(i)(d2)» defined by the foregoing
equation, is that fraction of the energy emitted from
the area dA2 «

which strikes

Once this factor is determined, the radiant flux dis

tribution can be computed by changing the position of the infintesimal
area dA2 «

Figure 2.

Three Dimensional Geometrical Arrangement Sketch.

^Often called "angle factor," "angle ratio," "area factor,"
"geometrical factor," "shape factor," "view factor," and others.

The Thesis Problem

The purpose of this study was to develope a feasible experi
mental technique to analyse the radiation characteristics of conical
and cylindrical cavities for different local emissivities and length
to opening diameter ratios.

The final results were to enable the loc

al radiant flux distribution to be computed for any point within the
view of the cavity opening.

Method of Approach

Cones and cylinders of different depth to opening diameter
ratios and different emissivities for each configuration, were heated
to high temperatures and the radiant heat flux coming from the source
was measured across the opening of the source
tions.

at different eleva

Once this data was taken, knowing the source temperature and

the effective temperature of flux measuring instrument, the product
eaF(i)(d2 ) was computed as a function of location relative to the cav
ity axis and exit plane.

The results then described the affect of

both geometry and local emissivity on the flux distribution from a
concave source such as the ones tested.

Motivation of the Study

With the search for new and improved engineering materials for
space-age application, the emphasis on developing testing apparatus to

evaluate these materials has become equally important.

The plasma-

arc generator, commonly called the "plasma jet", has been used for
several years as an invaluable ground test facility simulating the
convective heating of hypervelocity flight conditions.

Its use to

evaluate materials has been limited since it only simulates convec
tive heating.

In most cases involving high temperature space-age

application of materials, the environmental conditions are a combina
tion of both convection and radiation.
For example, the expected heating rate history for the Apollo
manned vehicle is shown in Figure 3 [l]3, and it was proposed that a

Figure 3.

Time History of Entry Heating of
Manned Vehicle at Escape Velocity.

lumbers in brackets refer to the List of References at the
end of the thesis.
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a radiant energy source be added to the plasma jet facility so that
such heating histories could be duplicated.

It was felt that the noz

zle walls, which direct the heated air flow from the plenum chamber to
the test sample, could be heated to high temperatures for this purpose;
but, as was stated earlier in the introduction, the analysis of the
performance of such a radiant source is impossible until both the ap
parent emissivity of the nozzle and the configuration factor are known.
A thorough search of the literature showed that no such analysis had
been done, but that Lundell, Winovich, and Wakefield [1] of The Nat
ional Aeronautical and Space Administration's Research Center at Ames,
California, had designed a similar facility using a different approach.
They used an optical system to focus radiant energy on the test sample,
but because of limitations in the design, only extremely small test
samples could be tested.

By using the nozzle walls, however, this pro

blem was virtually eliminated.
Although time considerations did not permit the scope of this
study to cover nozzle configurations exactly, valuable insight can be
gained since a nozzle lies somewhere between a cylinder and a cone in
geometrical configuration.

CHAPTER II

A SURVEY OF THE LITERATURE

Although the technology available for computation of config
uration factors has been advancing rapidly during the last ten years,
a careful search of the literature failed to produce any material
that described this factor for any type of concave opening to its
environment; furthermore, though considerable literature was availa
ble concerning apparent emissivities, it has been limited exclusively
to cylindrical cavities.
The study of the apparent emissivities was begun in 1927 by
Buckley [2] who determined analytically, the apparent emissivity of
cylindrical cavity of infinite length with a wide range of local wall
emissivities.

His analytical solution was based on a one and two term

approximation to the kernal function of the solution to the radiant
heat flux balance integral equation.

Later in 1928, Buckley [3] did

the same type of study for a cylindrical cavity of finite length.

As

before, he used an identical range of emissivities and the same assump
tion for the kernal function in the analysis..

In 1933, Yamauiti [4]

performed an analysis on a cylindrical cavity closed at one end.

This

same analysis was repeated by Buckley [5] in 1934 using a wider range
of geometrical and emissivity parameters.

In both studies, a three

term exponential series was used to approximate the kernal function to
obtain a solution to the radiant heat flux balance integral equation.

8
Eckert [6 ], in 1937, performed an approximate analysis on an infinite
cylindrical cavity.

His results were generally somewhat lower than

Buckley's study of the same configuration in 1928.
In 1954, DeVos [7] extended the theory of apparent emissivity
to a cylindrical cavity having non-diffuse radiation.

His solution,

however, requires considerable knowledge of the partial reflectivities
of the surface and is not applicable to shallow cavities.

The latter

difficulty arises in the iterative nature of the solution, each iter
ation requiring knowledge of additional partial reflectivities and the
number of iterations increasing as the cavity becomes shorter.
In 1956, Vollmer [8] developed a photographic technique for
measuring the apparent emissivity of a cylindrical cavity closed at
one end.

His results were found to agree very closely with those of

Buckley for the same case but a very small range of emissivity values
and length to diameter ratios were tested
In 1960, Sparrow and Albers [9] obtained an exact solution to
the radiant heat flux balance integral equation for the case of an in
finite cylindrical cavity,

Thdir results were, however, without ex

ception, the same as Buckley's approximate study of 1927.

In 1962,

Sparrow, Albers, and Eckert [10] obtained the exact solution for the
case of a finite cylinder closed at one end.

Their results again com

pared most favorably with Buckley's 1934 analysis.

This too, estab

lished the validity of Vollmer's experimental work in 1956,

Also in

cluded in this last work was an analysis of the local heat loss as a
function of distance along the cylinder wall.
With particular application to this thesis, the material from

9

references 3 and 9 were most valuable in the design and preparation of
the cylinders tested.

Figure 4, from reference 3, shows how the appar

ent emissivity, as a function of the local wall emissivity, changes as
the depth into an infinite cylinder is increased.

Figure 5, from ref

erence 9, shows how the apparent emissivity of a fixed length to open
ing radius (Y/R=8) cylinder, opening at both ends, changes as you pro
ceed from end to end.

Y/D
FIGURE U.

APPARENT EMISSIVITY OF A LONG CYLINDRICAL HOLE

o

CHAPTER III

RADIATION FROM A FLAT CIRCULAR DISK

Of particular interest to this thesis problem is the analyti
cal analysis of diffuse radiation from a flat circular disk, since a
black disk represents the maximum emissive power that any cavity, re
gardless of the internal wall structure, can have.

This analytical

theory is the basis for comparison in this thesis.

The qualitative

comparison between the experimental findings and this theory, when
applied to three circular disks of the estimated emissivities of the
experimental work, will reveal the effect of multiple reflections and
geometry on the flux distribution from the concave source.
The analytical arrangement, shown in Figure 6 [11] was ana
lysed as a radiant energy source with emissivities of 0.17, 0.60 and
0.99.

The quantity eF versus r/R for these three cases is given in

Figures 7, 8 and 9,

FIGURE 6 , GEOMETRICAL ARRANGEMENT SKETCH FOR A
CIRCULAR DISK RADIATING TO 1?$ SURROUNDINGS.
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CHAPTER IV

EXPERIMENTAL ANALYSIS OF CONES AND CYLINDERS

Description of the Experimental Apparatus

The apparatus used for this experimental testing is shown pictorially in Figures 10 and 11.

Figure 10 shows the oxygen{l }4 and nit-

rogen cylinders {2 } used to control the test chamber {6 } atmosphere
which was continuously evacuated by a Fuller vacuum pump {3} that was
capable of delivering 24-2 standard cubic feet per minute at 27 inches
of mercury vacuum.
The vertical lift mechanism {4} was precision drilled at dis
crete levels to permit the raising and lowering of test model at right
angles to the calorimeter cross-feed {5}.

The calorimeter cross-feed

was calibrated so that a Hy-Cal asymtolic calorimeter, model C1123-A-5-

012 , could be moved across the opening of the test model in increments
of one-tenth of an inch or more in both directions from the centerline.
Heating of the test models was accomplished by electric heat
ing of resistance wires wrapped around the test models.

The power sup

ply for the heater is shown in Figure 11 {11} and was capable of zero
to 220 ^olts a.c. at 7.5 amperes.

Total power input was measured by

the wattmeter and ammeter (7}„

^Numbers in braces refer to circled numbers on the pictures.
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FIGURE 10.

THE TESTING CHAMBER.

FIGURE 11.

INSTRUMENTATION.

H
03
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Calorimeter output readings were measured on a Hewlett-Packard
direct current microvolt-ammeter, model 425A (not shown).

Though this

was not a.null reading device, the input impedance, being one megaohm,
was so high that virtually no voltage drop across the leadwire was ex
perienced,

The base temperature of the calorimeter and the test model

thermocouple output measurements were read on the Brown portable po
tentiometer, model 126W3 {10 }.

The insulated ice bath {8 } for the

thermocouple reference junction temperature and timing device {9} are
also shown in the picture.

Design of the Cone and Cylinder

In testing the cone and cylinder experimentally, they had to
be designed as a radiant energy source with a constant wall tempera
ture.
voted.

To achieve these criteria, considerable design effort was de
Principal elements of the design were (1) the material and

surface finish, (2) insulating of the heating element wires, (3) the
view factor analysis, (4) the winding procedure to match the local
wall heat loss, and (5) thermocouple measurements.
In order to utilize the available literature and also be able
to machine the configurations, it was decided to test a cylinder of
L/D = and an "equivalent” cone (L/D = 2),

These configurations5 were

made from commercial grade copper to the dimensions given on the

5Shown as {12} and {14} in Figure 12, Number {13} shows the
vertical lift vehicle with a cylinder mounted in it.

FIGURE 12

THE EXPERIMENTAL TEST MODELS

K)
O
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drawings in Appendix A.

Copper was chosen as the material since analy

sis of the resistance to heat flow showed that it was of the order of

100 times less for heat flow through the copper than for radiation to
the surroundings.

Another reason why copper was a desirable choice was

because the properties of the three surface conditions were fairly well
known.

Once these configurations were made, they were polished to a

mirror-like finish with white jeweler's rouge.
Copper, being such a good electrical conductor presented prob
lems as to electrical insulation at such high temperatures, but it was
found that a 1/16 inch coat of Saureisen Insalute Paste (liquid porce
lain) baked for 24 hours at 200°F, gave the desired insulation.

This

liquid porcelain had good insulating properties to nearly 2000°F,,
which was considerably above the design temperatures.
Even though copper is such a good conductor of heat» it was
necessary to make the local heat input from the heater match the local
conductive and radiant heat loss along the source wall.

This presented

another interesting problem since the analysis of the local radiant
heat loss along a conical wall had not been done.

In reference 9, this

analysis had been done for a cylindrical cavity, but to check the ap
proximate analysis of the cone, the approximate configuration factor
for both the cone and cylinder was found geometrically.

These curves

are Figures 13 and 14 and the analysis of the cylinder by this method
agrees within 5 per cent of the analytical theory.

With these curves

computed and the known properties of the powdered asbestos insulation
used, the local heat loss, both conductive and radiant, was calculated
and is shown as Figures 15 and 16,

From these curves, a relative wind-

N>
NJ

FIGURE 13.

CONFIGURATION FACTOR OF THE OPENING TO A POINT ALONG THE WALL FOR A CONE (L/D=2)

0

1

2

3

4

5

6

7

L/D
FIGURE 14.

CONFIGURATION FACTOR FOR THE OPENING TO POINT ALONG THE WALL FOR A CYLINDER,
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FIGURE 15.

HEAT LOSS ALONG THE WALL FOR A 1700°F. CYLINDER WITH LOCAL EMISSIVITY e=l
ro
-F

FIGURE 16,

HEAT LOSS ALONG THE WALL FOR A 170Q°F. CONE WITH LOCAL EMISSIVITY e=1.0
ro
cn
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ing density of the nichrome wire was made such that the local heat in
put per unit length from the heated wire closely matched the total heat
flux loss along the wall for the case of the wall having the highest
possible emissivity.

After the wires had been wound, they were covered

with 1/16 inch thickness of liquid porcelain and again baked for 2H
hours ,
Measurement of the actual wall temperature presented many dif
ficulties since the test models, wound with the heating element wire,
closely resembled a transformer.

Thus, when thermocouples were imbed

ded into the copper material, alternating current voltages far above
the thermocouple output were measured.

Though introducing slight

error, the only recourse was to put the thermocouples in the insula
tion where they were isolated from the induced voltage.

The thermo

couples were located at the opening of the source, one inch down the
wall, and at the center.

The Experimental Method

In order to obtain as much information as possible from any
given configuration, the cylinder and cone were made so that they
could be tested having three different wall emissivities.

These were

polished (e=0,17), oxidized (e=0.60), and coated with acetylene soot
C
(e=0,99) ,

To maintain the polished condition, a nitrogen purge pre-

ceeded evacuation of the test chamber by the vacuum pump to assure

®These values of total emissivity were taken from references
12 and 13,
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that the remaining atmosphere was non-oxidizing.

To obtain the oxid

ized emissivity, the vacuum in the test chamber was completely filled
with pure oxygen and for the final case, acetylene soot from a torch
was used.
Before testing began, the test model was placed in the test
chamber and the vertical lift and calorimeter cross-feed were calibra
ted.

With this done, the chamber was purged, evacuated, and heating of

the test model was started.

Test models were heated continuously in

the range 1000°F, to 1300°F, and as soon as the thermocouples changed
less than 1 millivolt in 5 minutes, testing at the zero elevation was
begun.

The calorimeter was started at the centerline of the test model

and moved out radially on both sides.

Simultaneous readings of measur

ed heat flux and meter base temperature were taken at each data point
of radius and elevation.

Discussion of the Results
The results, presented graphically as Figures 17 through 22,
point out several significant items.

First the cavity structures test

ed were deep enough so that multiple reflections, for the oxidized and
blackened cases, caused the cavities to have apparent emissivity of
near unity, which corresponds to the theory developed in the literature
for cylinders.

In the case of the polished cone and cylinders, having

an estimated wall emissivity of ea0,17, the'apparent emissivity was
about 0.9 which was higher than the predicted value of 0,78,
cussion and valid explanation of this is given later.

A dis

On the whole,

when these curves are compared with the analytical curves for a flat

V
o'

to
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03

r/R
FIGURE 19.

eF = Q"/ o [t £-T&] VS. r/R FOR AN ACETYLENE BLACKENED CYLINDER (e=0.99).

GO

Q

3t*

disk, the obvious advantage of the concave cavity can be seen; for the
total emissivity, in the polished case, was increased from 0.26 to
0.90, which is a considerable increase.
Secondly, when the apparent emissivity was obviously unity (the
blackened case with a wall emissivity of e=0.99), the graph remaining
was just the configuration curves for a cone and cylinder radiating to
a point in its surroundings.

By careful examination of the analytical

curve of the radiating flat disk where e=,99 and the two curves where
the cone and cylinder were blackened with acetylene soot, remarkable
similarities are noted.

This was especially true within 2 inches above

the cavity opening and radially for about one inch.

This deviation in

the extreme radial direction was probably due to presence of participa
ting surroundings away from the cavity.

A slight correction was made

to the data to compensate for the participation of the heat flux meter
with the surroundings, but this correction was made on the basis of a
centerline analysis and would not be sufficient at large distances away
from the centerline.
A check on the validity of the experimental attempt to elimin
ate convection was made.

The x/R = 0.015 elevation was run at 1200°F.

and 890°F. and the results compared.
per cent.

The maximum deviation was only 2

This, along with the fact that measured wall temperatures

were within acceptable limitations, indicated that the analytical con
ditions were met extremely well.
The data taken also showed that it was reproducible.

As was

mentioned earlier, readings were taken in both directions from the cen
terline.

In nearly every case, the results from equal distances each
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side of the centerline were the same*,
In reviewing these experimental results, however, six

factors

were noted and their contribution to the significance of the results
must be studied*
(1)

A slight increase in the lower elevation results near the
edge of the cavity was noted*

It was felt that this slight

increase was due either to the presence of the finite hot
annulus of the cavity wall radiation to the meter, or sim
ply that the radiant flux leaving the cavity was more con
centrated along the walls*
(2)

The apparatus used was carefully calibrated before each
test.

Though obvious alignment and clearance problems ex

isted, the results showed such exactness to the theoretical
predictions that these problems could not have contributed
more than 5 per cent error to the results*
(3)

As previously mentioned, the thermocouple problem made the
introduction of the wall temperature measurement error
necessary*

An analysis of this problem showed that the

measured temperature could be as much 5 to 10°F* lower
than the actual wall temperature depending on the actual
thickness of insulation that seperated it and the wall*
(4)

Though relative steady state conditions had been reached be
fore testing began, temperature changes at one elevation
varied as much as 25°F* when testing in the range 1000°F*
In analysing the data, however, the arithmetic mean was used
for computations*
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(5)

The polished condition was not maintained,,

This can be

either contributed to the formation of a copper-nitrogen
compound (given as a dark gray colored substance which
was near the actual color observed during testing), or
just simply the reaction at high temperatures of the
copper wall with gases that were dissolved in the sur
face material and escaped at the higher temperatures.
Examination of the analytical theory for the cylinder
shows that in order to have an apparent emissivity of
near 0.9, the local wall emissivity would have to be
0.26 which is not very far from the estimated value of
0.17.
(6)

Considering the foregoing discrepancies8 it was felt nec
essary to determine the most-probable error of the data.
The analysisB presented in Appendix D 9 showed that for typ
ical test run, the most-probable error was only 8.2 per
cent.

This error was less than the stated maximum of 10

per cent and is excellent when considering the effects of
raising temperatures to the fourth power.

CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

Conclusions

In reviewing this experimental work, one general and signifi
cant fact has been firmly established.

This fact is, that in the an

alysis of radiant interchange of energy involving concave sources, the
radiant flux distribution can be computed, once the apparent emissivity of the cavity is known, as a flat disk with this apparent emissivity radiating to its surroundings.

Recommendations For Further Study

Based upon the experience gained by the author in reviewing
the literature and performing the experimental analysis, the recom
mendation that further study into the theory of apparent emissivity
as a function of local wall emissivity for conical, parabolic, expon
ential and other shapes is made.

If further analysis is performed in

an experimental fashion such as described in this thesis, it is also
recommended that a water cooled calorimeter and water cooled surround
ings be used to eliminate participation of the meter with the sur
roundings and that other inert gases such as argon or neon be used for
the purge of the test chamber to eliminate the possible formation of
nitrogen compounds with the test model wall material.
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APPENDIX B

RADIANT FLUX DISTRIBUTION

SAMPLE TEST DATA

TEST RUN # 2

48’ CONE
SURFACE CONDITION

START

+R

TC# 1 25.5°M. V.
TC# 2 25.0°M.V.
TC# 3 23.50M.V.

HEAT FLUX BASE TEMP
MoVo
. M.V. .

Tw (AVE) 1126°F.
OXIDIZED

FINISH

HEAT FLUX
MfVt

-R

0.1

Oo 2

lo 23

3o 34

0.2

0. 3

1.21

3o 32

0.3

Oo 4

1.21

3o 30

0.4

0o5

lo 20

3o28

0.5

0o6

1.19

3027

o

1.26

2.94

1.25

2.94

0.6

1.17

2.93

1.16

3» 25

0. 8

1.12

2.93

loO

1.13

3o24

1.0

1.07

2.91

lo 25

lo 08

3o 22

1.25

1.03

2.90

lo 5

lo03

3o20

2 o0

0o90

3.15

205

3013

3o0

^3
o

3o 36

o
o

1.21

2.95

H
o
CO

0.1

1.27

O0
0

0.0

o
o

3*38

BASE TEMP
MoVo

00

o
c
o

-1*23

TC# 1 25.5°F.
25.0°F.
TC# 3 23.5°F.

TC# 2

4o0

0o 54

3.04

ELEVATION 3.00
o

APPENDIX B

RADIANT FLUX DISTRIBUTION
SANPLE TEST DATA

TEST RUN

#

6

8" CYLINDER
SURFACE CONDITION

START

TC# 1
TC# 2
TC # 3

HEAT FLUX
M.V.

23.0° M,V»
23,0° M.V.
22. 8° M.V .

BASE TEMP
M.V.

Tw (Ave.) 1Q44°F.
BLACKENED

FINISH

-R

0.0

5.25

4.00

0.0

0.1

5.20

4.07

0.1

0*2

5.16

4.15

0.2

0.3

5.13

4.27

0.3

0.4

5.10

4.35

0.4

0. 5

4. 99

4.34

0.5

0 o6

4. 90

4.50

0.8

4. 32

1.0

TC#

1

TC #

2

TC#

3

23.9°F.
23.6°F.
22.9°F.

HEAT FLUX
M.V.

BASE TEMP
M.V.

5.19

4.56

5.20

4.65

5.21

4.74

0.6

5.18

4.82

4.54

0.8

5.00

4.94

3.44

4.57

1.0

4.89

5.00

1.25

2.02

4.56

1.25

4.75

5.02

1.5

1.37

4.54

2.0

0.78

4.48

2.5

0.4-2

4.38

3.0

0.36

4.30

4.0

0.41

4.23

ELEVATION

0.25

APPENDIX C

SAMPLE CALCULATIONS

1.

ANALYTICAL DETERMINATION OF

F FOR A FLAT DISK,

1 +

1/2 < 1-

F (1) (<32)

- 2(RA)2
r

at r = 1/2, R s 1, and x = 0

1/2

F (l)(d2)

=

1/2

1+4-8
(25-16 )

l

(1-3)
3

1

Therefore,
eF (Polished) = (0,17)(1) = 0,17
eF (Oxidized) = (0,60)(1) = 0,60
eF (Blackened) - (0„99)(1) = 0,99

2,

REDUCTION OF THE EXPERIMENTAL DATA,

eaF = Q”/o[T^-Tft]
Test Run #1

(Polished Cone)

Q" = 3,75 Millivolts
Tw = 984°F, a 1444°R,
Tb = 174°F

47

Tm = 174 + 3/4 [ATq m ]
= 174 + 3/4 [143]
= 209.75°F, = 669.75°F.

Q»> _ 3,.,75 x.,...37. BTU/SEC-FT2
.89
= 1 , 5 6 BTU/SEC-FT2
„„ _
(1,56)(3600)
" (.171)(43000-2000)

(1,56)(3600)
(l,7l)(4100)

APPENDIX D

An error analysis was performed on the data to determine the
probable error limits in the results.

The following is a review of

the equations used and the results obtained for a typical test run«
The equation used for data reduction was
eF = Q"/o[T£-T£]
where the nomenclature is as defined in the body of the thesis.
The temperature difference may be expanded to give the equa
tion
eF = Q V o [ T w -Tm ][T„+Tm ][T$+Tj?1]
Taking the logarithmic differential and replacing the differentials by
differences

A[eF] 3
eF

AQ"
Q"

A[Tw-Tm ]

A[TMtTm]

A[Tfe+Tgj

Tw-Tm

Tw+Tm

T&+T&

The chance of error occurring either positively or negatively
on all A terms is the same.

The maximum error possible in the results

would then be given as

.AQ" f A[TW-Tm ] ( A[TW+Tm ] ^ Affi+Tg,]
eF

Q"

Tw-Tm

Tw+Tm

T^+t | "

The actual maximum error is hard to estimate because of the difficulty
of determining the actual maximums of each term.

Also, the probability

of each term becoming a maximum at the same time is small and hence, a
better approach is to modify the above equation using the statistical

49

concept of the standard deviation.

Assuming the same confidence limits

on each of the measurements, the equation for the error limits becomes

At eF]
cF

J
/

a s i

\2

A[TW-Tm ]\

+

A[TW+Tm ]

2

ACT&+T&]
T

Tw"^m

M

|

^w“^m

t

<j -

t

&

The analysis which follows is based upon a confidence level of
95 per cent.
variances.

This corresponds approximately to two standard-deviations
Stated another way, 95 per cent of all data would fall with

in the limits specified, including human reading errors.

A factor of

,68 times the maximum deviation gives the 95 per cent confidence level.
The numbers below are for a typical run.

2.5%

(1.5% from scale least count and 1% from
accuracy of micro-ammeter)

Maximum ATW = 25°F at a typical level of 1150°F.
Maximum ATm = 3°F. at a typical level of 200°F»

A I X - T tJ
Tw-Tjn

= C.68][28]
950

A[TM+Tm ]
Tw+Tm
-

A[T#tT&]
T&+Tfn

[,68][28]
1150

_

2 .0%

1.65%

.68 { [2 0 3 ]2 + [1175 ] 2 - [1 9 7 ]2 - [1 1 2 5 ]2,
[2 0 0 ]* + [1 1 5 o V

'

Substituting this into the error limits at a 95% confidence
level yields
A[eFl
"“■$ P

_
...
= 8°26%
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ABSTRACT

The purpose of this study was to develope a feasible experi
mental technique to analyse the thermal radiation characteristics of
conical and cylindrical cavities having different local wall emissivities and length to opening diameter ratios.
This was accomplished by heating a cone and cylinder to high
temperatures in an evacuated chamber, and measuring the heat flux being
radiated from the source.

Measurements of the flux in the radiant en

ergy field were made with a calorimeter across the source exit plane
and at incremented elevations outside the cavity opening.
The results verified that the radiation characteristics of a
concave source are equivalent to a circular disk radiating to its sur
roundings, where this disk has the apparent emissivity and size of the
cavity opening.
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